A multilayer ceramic actuator composed of piezoelectrically active Pb(Zn 1/3 Nb 2/3 ) 0.2 -Pb(Zr 0.5 Ti 0.5 )O 0.8 (PZN-PZT) layers and electrically conducting PZN-PZT/Ag layers was fabricated by the co-extrusion process. For the piezoelectric layers, PZN-PZT, which is sinterable at a low temperature (9001C), was used. For the conducting layers, a PZN-PZT/Ag composite, made by mixing silver particles with the PZN-PZT matrix, was employed. For the co-extrusion process, piezoelectric and conducting feedrods were made by mixing the PZN-PZT and PZN-PZT/Ag, respectively, with a thermoplastic polymer. The initial feedrods, which were composed of five 3 mm-thick PZN-PZT layers, two 1.5 mm-thick PZN-PZT layers, and six 1 mmthick PZN-PZT/Ag layers, were co-extruded through a 24 mm Â 2 mm reduction die at 1051C to produce continuous multilayered green sheets. The sheets were stacked, warm pressed, and sintered at 9001C for 4 h after binder burnout. The sintered multilayer actuator showed distinct layers without any reaction products or cracks at the interface. The thicknesses of the piezoelectric and conducting layers were about 200 and 70 lm, respectively. The displacement of the multilayer actuator, composed of 40 piezoelectric layers (with a total height of 10.8 mm), was about 10 lm at an applied voltage of 500 V.
I. Introduction L EAD zirconate titanate and lead-based relaxor materials show excellent electromechanical properties and are widely used as materials for fabricating actuators. [1] [2] [3] But the electricfield induced displacements of PZT and other lead-based materials are typically less than 0.1% in polycrystalline materials, increasing up to approximately 1% in recently developed single crystals. 4 When a large displacement is required, various types of strain-amplifying architectures are employed. [5] [6] [7] [8] [9] [10] [11] [12] On the other hand, when a high generative force along with a large displacement is important, a multilayer actuator is generally utilized. [13] [14] [15] These multilayer actuators, fabricated using stacked piezoelectric ceramics, are regarded as a critical component of modern precision positioners, such as x-y stages, z-stages, and devices used in photolithography for the semiconductor and LCD process, where a controlled range of motion of several nanometers is required. These multilayer type actuators not only exhibit a large displacement (10 mm) but also offer various advantages, including their high generative force (1000 N), fast response speed (10 ms), long lifetime (10 11 cycle), and high efficiency (k 33 470%).
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Previously, we developed a piezoelectric PZN-PZT actuator composed of a piezoelectric layer and a conducting PZN-PZT/ Ag layer by the co-extrusion process. [17] [18] The development of a PZN-PZT piezoelectric material that can be sintered to full density at temperatures as low as 8601C made the co-firing process possible. When 55% PZN-PZT was mixed with 45% Ag particles, the resulting PZN-PZT/Ag composite was electrically conductive. In the present research, we introduce a new fabrication method for the multilayer actuator using the co-extrusion process. The multilayer actuator composed of piezoelectrically active PZN-PZT layers and electrically conducting PZN-PZT/Ag layers was co-fired after co-extrusion. By utilizing this co-extrusion process, multilayer actuators without any dimensional limitation were fabricated in a very economical way.
II. Experimental Procedure
The multilayer actuators were composed of interspersed PZN-PZT and PZN-PZT/Ag layers, the former being piezoelectrically active, while the latter are electrically conductive. These powders were mixed by ball milling using zirconia balls and ethanol as media for 24 h. After ball milling, they were dried on a hot plate and subsequently calcined at 8501C for 4 h. The calcined powder was then ball milled again for 48 h. Ethylene ethyl acrylate (EEA 6182; Union Carbide, Danbury, CT) and Acryloid (B67, Rohm and Haas, Philadelphia, PA) resins were used as binders, and were fused at 1101C in a heated shear mixer (Jeong-sung Co., Seoul, Korea). The powders (PZN-PZT or 55% PZN-PZT/45% Ag) were gradually added to the melt. Heavy mineral oil (Aldrich Chemical Co. Inc.), stearic acid (Junsei Chemical Co., Tokyo, Japan), and polyethylene glycol (PEG1000, Acros Organics, Morris Plains, NJ) were added as processing aids to ensure a consistent apparent viscosity value. The PZN-PZT plastic compound was warm pressed at 1101C and extruded through a reduction die with a cross section of 24 mm Â 3 mm and 24 mm Â 1.5 mm. The PZN-PZT/Ag compound was warm pressed and extruded under similar conditions, but through a reduction die with a cross section of 24 mm Â 1 mm. An assembly composed of seven PZN-PZT layers (five 3 mm-thick layers and two 1.5 mm-thick layers) interspersed with six PZN-PZT/Ag layers was warm pressed at 1051C and subsequently extruded through a reduction die with a cross section of 24 mm Â 2 mm at a rate of 3 mm/min to generate multilayer sheets ( Fig. 1(A) ).
The extruded bodies were stacked in a 24 mm Â 24 mm square mold, warm pressed, and then heated up to 6001C at a slow heating rate in a N 2 atmosphere for the purpose of binder burnout. After furnace cooling, the specimens were sintered at 9001C for 4 h in a sealed alumina crucible. To limit PbO loss from the specimens, a PbO-rich atmosphere was maintained by placing an equimolar mixture of PbO and ZrO 2 powders in the crucible. The sintered bodies were analyzed by optical micros-copy and scanning electron microscopy, in order to identify the interface of the PZN-PZT and PZN-PZT/Ag layers.
Electrodes were prepared by applying a thin silver paste to both lateral sides of the assembly, in order to be able to create parallel electric circuits, followed by heat treatment at 5001C for 30 min. To measure the piezoelectric properties, the specimens were poled in a silicone oil bath at 1501C by applying an electric field of 3 kV/mm for 30 min. The high field-induced displacement was monitored at the center of the poled specimens by using a displacement probe (DT/2/S, Solartron, Berkshire, U.K.) as shown in Fig. 1(B) .
III. Results and Discussion
For the fabrication of the multilayer actuator, a low-temperature sinterable PZN-PZT ceramic was used as the piezoelectric material and a composite comprising 55% PZN-PZT and 45% Ag particles was used as the conducting material. The properties of each layer were determined separately. After being sintered in air at 9001C, the piezoelectrically active PZN-PZT layer was fully dense and had excellent piezoelectric properties. The piezoelectric coefficient (d 33 ), electromechanical coupling factor (K p ), and dielectric coefficient of the PZN-PZT layer were 510 pC/N, 0.65, and 1700 e 0 , respectively.
The electrically conducting layers were fabricated by mixing silver (Ag) particles with the PZN-PZT matrix. As the Ag particles were added to the PZN-PZT and sintered at 9001C, the electrical conductivity increased rapidly. When 45% Ag was added, the conductivity became close to that of pure Ag (10
18 When a thinner conducting layer was used, a larger amount of silver was needed to maintain the electrical conductivity. The coefficient of thermal expansion (CTE) of the PZN-PZT was 5 Â 10 À6 /1C, while that of Ag is 19 Â 10 À6 /1C. By simple rule of mixture, the CTE of the 55% PZN-PZT/45% Ag is estimated to be 11.3 Â 10 À6 /1C. In spite of the large difference in CTE of the two materials, the layers were co-sintered well without any interface problems developing when this composition was used. However, when more Ag was added, the CTE of the PZN-PZT/Ag layer became too large to be co-fired with the PZN-PZT layer. Figure 2 (A) illustrates the sintered multilayer actuator fabricated by the co-extrusion process. To avoid electrical short circuits, the PZN-PZT/Ag layers were connected alternatively to the left and right lateral surfaces. The dimensions of the sintered specimen were 12.6 mm Â 5.4 mm Â 11.8 mm. The actuator was composed of 40 active PZN-PZT layers, 2 inactive PZN-PZT layers at the end faces, and 41 conducting PZN-PZT/Ag layers. The thicknesses of the PZN-PZT and PZN-PZT/Ag layers were 200 and 70 mm, respectively. The SEM micrograph of the interfacial region shown in Fig. 2(B) clearly shows the Ag particles dispersed in the PZN-PZT/Ag. Even though the Ag particles seem to be isolated in the two-dimensional plane, the electrical conductivity of the PZN-PZT/Ag layers indicates that they are perfectly connected three-dimensionally.
To investigate the electrical properties of the PZN-PZT layer, the strain was measured as a function of the electric field, as shown in Fig. 3(A) . The total bipolar strain (S 33 ) at 72 kV/mm was observed to be about 0.36%, and the coercive field was about 1 kV/mm. This strain value along with other the piezo- electric properties indicated that the PZN-PZT sintered at 9001C is a good material for actuator applications.
While applying a voltage in the poling direction, the displacement of the multilayered actuator was measured as a function of the applied electric field, as shown in Fig. 3(B) . The actuator expanded by about 10 mm at 500 V. The theoretical displacement (D) of the multilayer actuator was calculated based on the previously measured strain value, which is shown in Fig. 3(A) , as follows:
where S 33 is the longitudinal strain of a single piezoelectric layer, t the thickness of each layer, and N the number of layers. The strain of the PZN-PZT at 0-2.5 kV/mm in the unipolar direction was about 0.15%. When a voltage of 500 V was applied to the 200-mm layers, the electric field at each PZN-PZT layer was 2.5 kV/mm. Therefore, with an applied voltage of 500 V, one PZN-PZT layer with a thickness of 200 mm expanded by 0.30 mm, so that the theoretical total expansion for all 40 layers of the actuator was calculated to be 12 mm. Based on the measurements shown in Fig. 3(B) , the displacement of the multilayer actuator was found to be approximately 10 mm at 500 V. This measured displacement was a little lower than the calculated one, and this was attributed to the presence of the inner passive and conducting layers.
IV. Conclusion
Multilayered actuators composed of PZN-PZT and PZN-PZT/ Ag layers were fabricated by the co-extrusion process. The PZN-PZT and the PZN-PZT/Ag layers were co-fired without any interface problems developing. The multilayered actuator exhibited a displacement of 10 mm at a voltage of 500 V. The measured displacement was almost identical to the calculated value. By utilizing this co-extrusion process, multilayer actuators without any dimensional limitation were fabricated in a very economical way. 
